Background and objectives: ESRD is associated with systemic oxidative stress, an important nontraditional risk factor for the development of cardiovascular disease. Since interventions aimed at reducing oxidative stress may be beneficial, we examined the pharmacokinetics and pharmacodynamics of the widely used antioxidant N-acetylcysteine (NAC) after oral administration in patients with ESRD.
nd-stage renal disease (ESRD) is associated with systemic oxidative stress, which is an important nontraditional risk factor for the development of cardiovascular disease (1) , now the leading cause of morbidity and mortality in patients with ESRD (2) . Consequently, interventions aimed at reducing oxidative stress may be beneficial in ESRD, ultimately lowering the rate of cardiovascular events and improving survival.
N-Acetylcysteine (NAC) is an aminothiol-containing antioxidant that has been used therapeutically for five decades (3) . It has been used extensively as a mucolytic agent, in the treatment of acetaminophen toxicity, as a cytoprotective agent during cancer chemotherapy, and in the prevention of contrast-induced nephropathy (3, 4) . The mechanism of NAC's antioxidant activity likely stems from its oxygen free-radical scavenging properties and/or its role as a source of cysteine, necessary for the biosynthesis of glutathione (4, 5) . The utility of antioxidant compounds like NAC to suppress oxidative stress and exert sustained, long-term beneficial effects in humans is based on the premise that they can be administered chronically in doses that are safe, effective, and well-tolerated. The pharmacokinetic (PK) disposition of NAC has been studied in subjects with normal renal function (6 -9) , and during intermittent intravenous administration with hemodialysis in ESRD patients (10) , while only limited NAC pharmacodynamic (PD) assessments (e.g., endothelial function and plasma concentrations of homocysteine, malondialdehyde, or asymmetric dimethylarginine) have been carried out in ESRD subjects without simultaneous PK determination (11) (12) (13) (14) (15) (16) . To date, NAC PK and PD have not been comprehensively evaluated in ESRD patients after multiple-dose oral administration, which represents the most practical and cost-effective route of administration for chronic therapeutic use. Thus, the purpose of this study was to examine the PK and PD of NAC after multiple-dose oral administration to patients with ESRD.
Materials and Methods

Study Subjects
After providing written informed consent, all subjects underwent a screening evaluation within the 28-day period before the study day that was based on a complete medical history, physical examination, medication history, and conventional biochemical tests. Eligibility criteria included nonsmoking status, age 18 to 75 years, normal hepatic function, and a negative pregnancy test for women of child-bearing potential, which was repeated and confirmed negative before drug dosing on the study day. ESRD subjects were also required to be on a stable, thrice weekly in-center hemodialysis regimen and have a fistula or graft for blood access. Kidney function in control subjects was estimated via the four-variable Modification of Diet in Renal Disease (MDRD) Study equation (17) . Subjects who were medically unstable, had a known allergy or hypersensitivity to NAC, had liver disease, were pregnant or lactating, were seropositive for hepatitis B, hepatitis C, or HIV, used a central venous catheter for blood access, or who were treated with a dialyzer containing vitamin E-bonded membranes were excluded.
Study Design
This was an open-labeled, prospective, randomized, parallel, doseranging study of the multiple-dose PK and PD of NAC in hemodialysis patients. The study adhered to the Declaration of Helsinki and was approved by the University of Louisville and Maine Medical Center Institutional Review Boards. Hemodialysis subjects were randomized to either 600 mg orally every 12 hours or 1200 mg (2 ϫ 600 mg tablets) orally every 12 hours of a commercially available sustained-release formulation of NAC (600 mg tablets; Jarrow Formulas, Inc., Los Angeles, CA). To determine the impact of ESRD on NAC PK and PD, we also enrolled healthy subjects in a treatment group that received NAC 600 mg orally every 12 hours.
The PK disposition of NAC was assessed after 14 days of multipledose treatment. ESRD patients were studied the day after a regularly scheduled hemodialysis day, and all subjects were studied the morning after an overnight fast. On the 15th day, a final dose of NAC was administered with 240 ml tepid water at approximately 8:00 a.m. An indwelling catheter for blood collection was placed in an antecubital vein. Venous blood samples (n ϭ 13 ϫ 5 ml, total blood volume ϭ 65 ml) were collected immediately before and at 15, 30, 45, 60 minutes, and 1.5, 2, 2.5, 3, 4, 6, and 8 hours after administering the last dose of NAC. Subjects were given a small snack at 10:00 a.m. followed by light meals thereafter. Concomitant medications were held until 2 hours after administering the last dose of NAC. Blood samples were collected at baseline on day 1 and predose on day 15 for determination of homocysteine (HCY), cysteine (CYS), asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA), arginine (ARG), total glutathione (GSH), and protein carbonyl concentrations. All blood samples were centrifuged within 1 hour of collection at 2500 rpm at 4°C for 15 minutes. Plasma was harvested and stored at Ϫ70°C until analysis.
Bioanalytical Methods
Total glutathione was measured using a colorimetric assay (Bioxytech GSH/GSSG-412; Oxis Research, Portland, OR). Total plasma concentrations of NAC, HCY, and CYS were determined by HPLC with fluorescence detection as described previously (18, 19) . The linear standard curve for NAC ranged from a lower limit of quantitation of 0.325 to 32.5 g/ml, and the intra-and interassay coefficients of variation were Ͻ10%. ADMA, SDMA, and ARG concentrations were also determined by HPLC using a previously published method (20) . Plasma protein carbonyl concentrations were determined by ELISA (OxiSelect; Cell Biolabs, Inc., San Diego, CA).
PK and PD Analyses
NAC PK parameters after multiple dosing were estimated from plasmaconcentration data using noncompartmental methods (WinNonlin Professional, version 4.1; PharSight Corp., Mountain View, CA). The baseline (i.e., predose) plasma concentration (C 0 ), C max , t max , and the last plasma concentration measured (the 8-hour plasma concentration, C 8 ) were obtained directly from the individual plasma-concentration time profiles and recorded as observed. The terminal elimination rate constant ( z ) was estimated by linear regression of the terminal phase of the logarithmic plasma-concentration time curve. The terminal disposition half-life (t 1 ⁄2) was calculated by dividing 0.693 by z . Area under the plasma concentration-time curve over the 8-hour plasma-sampling period (AUC 0-8 ) was calculated with the log-linear trapezoidal rule. The principle of superposition was used to account for the AUC from the previous doses (21) . The AUC from time 0 to infinity (AUC 0-ϱ ) for the last dose was calculated as AUC 0-8 ϩ C 8 / z Ϫ C 0 / z , where C 8 was the 8-hour plasma concentration. The total clearance (CL/F) of NAC after oral administration, where F is the bioavailability, was calculated as dose/ AUC 0-ϱ .
The NAC PD parameters assessed were total plasma concentrations of HCY, CYS, ADMA, SDMA, ARG, GSH, and protein carbonyls. Baseline values of each parameter were compared with those observed after 14 days of NAC treatment. In addition, concentrations of HCY and CYS were explored during the 8-hour plasma-sampling period on day 15 (at time 0, 1.5, 3, and 8 hours after NAC administration). Relationships between the percentage change of each parameter from baseline and NAC AUC 0-8 and between plasma NAC concentrations and concentrations of HCY and CYS during the 8-hour plasma-sampling period on day 15 were explored. The AUC 0-8 for HCY and CYS was calculated with the log-linear trapezoidal rule.
Statistical Analysis
NAC PK parameters were compared between groups by the unpaired two-sided t test. Between and within-group (i.e., baseline versus day 15) comparisons of HCY, CYS, ADMA, SDMA, ARG, total glutathione, and protein carbonyl concentrations were made using an unpaired or paired two-sided t test, as appropriate. Relationships between NAC AUC 0-8 or concentrations and PD parameters were evaluated using Spearman's rho correlation coefficient (r s ). All statistical calculations were performed with Prism 5.0b (GraphPad Software, San Diego, CA). Data are presented as mean Ϯ SD. A P value of Ͻ0.05 was considered statistically significant for all comparisons.
Determination of the target sample size was based on the reported between-subject coefficient of variation for NAC AUC in hemodialysis patients of approximately 30% (10) . The sample size of n ϭ 12 ESRD subjects per NAC dose was estimated a priori to have 80% power (two-sided type I error of 0.05) to detect a 36% difference in NAC AUC between ESRD subjects receiving NAC 600 mg versus NAC 1200 mg. In addition, the sample size of n ϭ 7 healthy control subjects and n ϭ 12 ESRD subjects per dose group was estimated to have 82% power (two-sided type I error of 0.05) to detect a 44% difference in NAC AUC between control subjects and each ESRD group. Power calculations were carried out with G*Power (v. 3.0.10) (22) .
Results
Study Subjects
A total of 24 patients with ESRD undergoing chronic hemodialysis and seven healthy control subjects with normal kidney function participated in this study. Subject demographic characteristics are presented in Table 1 . NAC was well-tolerated by all subjects at all doses. There were no serious adverse events reported and no instances of discontinuation due to adverse clinical or laboratory findings. One ESRD subject randomized to NAC 600 mg voluntarily withdrew from the study (not due to adverse event) after baseline samples were drawn on day 15 and was not included in the PK study. Baseline day 1 samples were not available on two ESRD patients randomized to NAC 1200 mg, so these subjects were not included in all day 1 versus day 15 comparisons of PD parameters. One ESRD subject randomized to NAC 1200 mg was found to be hyperhomocysteinemic at baseline, with HCY plasma concentrations 5-fold higher than the mean concentration for the remaining subjects in the dose group, and was excluded from all HCY analyses as an outlier.
Pharmacokinetics
Mean NAC plasma concentration-time curves observed in ESRD and control subjects are depicted in Figure 1 , and the corresponding PK parameters are presented in Table 2 . Significant dose-related increases in the maximum plasma concentration (C max ) and AUC values were observed in ESRD patients with NAC 1200 mg versus NAC 600 mg (Figure 1) . A doubling of the dose resulted in a 2-fold increase in C max and AUC (P Ͻ 0.05; Table 2 ), and NAC clearance was unchanged. As expected with oral sustained-release formulations, the plasma concentration-time curves were flattened, and the time at which C max occurred (t max ) was prolonged. Significant PK differences were also found between ESRD patients and healthy subjects. The total clearance (CL/F) of oral NAC 600 mg was reduced by 90% from 56.1 Ϯ 12.7 L/h in control subjects to 4.9 Ϯ 3.5 L/h in ESRD subjects (P Ͻ 0.0001), leading to a 7-fold larger NAC AUC 0-8 (P Ͻ 0.0001) and a 13-fold longer half-life (P Ͻ 0.01; Table 2 ). C max increased by 4-fold (P Ͻ 0.0001), and t max was not significantly different. Similar changes in CL/F and half-life were observed in ESRD subjects receiving NAC 1200 mg.
Pharmacodynamics
Plasma HCY, CYS, ADMA, SDMA, and protein carbonyl concentrations were significantly higher in all hemodialysis patients than in healthy subjects at baseline (i.e., entry to the study; Table 3 ). Plasma concentrations of HCY were significantly decreased in healthy control and ESRD subjects after administration of 14 days of NAC 600 or 1200 mg (Table 3) . Concentrations of ARG were significantly decreased in ESRD, but not control subjects, only after administration of NAC 600 mg. NAC administration had no effect on CYS, ADMA, SDMA, total glutathione, or protein carbonyl concentrations. A significant relationship was observed between the percentage change of HCY concentrations after 14 days of NAC treatment and NAC AUC 0-8 (r s ϭ 0.43, P Ͻ 0.05). No other PD parameters exhibited significant relationships with NAC AUC 0-8 . Mean HCY and CYS plasma concentration-time curves observed during the 8-hour sampling period on day 15 are depicted in Figure 2A and B, respectively. The AUC 0-8 of HCY and CYS were not significantly different in ESRD subjects receiving NAC 600 mg . NAC (mean Ϯ SEM) plasma concentration-time curves observed in ESRD subjects after oral administration of sustained-release NAC 600 mg (circles) or NAC 1200 mg (triangles) and healthy control subjects after administration of NAC 600 mg (squares).
compared with those receiving NAC 1200 mg. A significant inverse relationship was observed between plasma concentrations of NAC and HCY (r s ϭ Ϫ0.40, P Ͻ 0.05), but not CYS (P ϭ NS), in healthy control subjects during the 8-hour sampling period on day 15; no significant relationships were observed between NAC and HCY or CYS in ESRD patients.
Discussion
NAC is an aminothiol-containing antioxidant drug widely used in the prevention or treatment of a number of diseases. Recent strategies aimed at ameliorating oxidative stress-related complications in ESRD include administration of NAC (12, 15, 23) . To date, NAC PK and PD have not been comprehensively and simultaneously assessed in ESRD patients. In this study, we observed NAC plasma concentrations similar to previously reported concentrations ranging from 2.6 to 28 g/ml in ESRD patients receiving 1200 mg oral NAC twice daily for 30 days (14) . Significant dose-related differences in AUC and C max were observed in subjects receiving 600 mg versus 1200 mg, but NAC clearance was not impacted by dose (Table 2) . However, significant differences in NAC PK were evident in ESRD patients compared with healthy subjects. NAC total clearance was reduced by 90%, leading to a dramatically longer half-life and increased exposure in ESRD subjects (Table 2) . PK parameters in control subjects were consistent with previously reported findings in healthy subjects (6, 7) . NAC total clearance estimates of 4.9 Ϯ 3.5 L/h and 5.7 Ϯ 6.2 L/h in ESRD subjects receiving oral NAC 600 mg and NAC 1200 mg, respectively, are higher than reported in the only other PK study in ESRD patients (10); Soldini and colleagues observed a NAC clearance in ESRD subjects after intermittent intravenous administration (2 g during the first 3 hours of each dialysis session) of 1.25 Ϯ 0.94 L/h (10) . The difference in clearance may be due to the route of administration, poor bioavailability, and the contribution of gastrointestinal first pass effects to the elimination of oral NAC, as it appears to be extensively metabolized to cysteine, glutathione, and inorganic sulfite in the gut wall (7). As reported previously, the PK of NAC were highly variable between subjects (6,10,24), with greater variability observed in ESRD subjects than in control subjects.
The reasons for the marked differences in NAC PK between ESRD and control subjects are not clear. Reduced renal clearance is a contributory factor, since it comprises 30% of total body clearance of NAC, but it cannot fully explain the 90% reduction in NAC clearance observed in the present study (6) . Altered nonrenal clearance might also be a factor. Nonrenal clearance accounts for 70% of total body clearance of NAC (25), and it is well known that kidney disease can affect nonrenal drug clearance mediated by metabolic enzymes and drug transporters (26) . For example, we recently demonstrated that nonrenal clearance of fexofenadine, a substrate of the organic anion transporting polypeptide and P-glycoprotein transporters, is significantly reduced in ESRD patients (27). NAC is extensively metabolized in the gastrointestinal tract and the liver, where it is deacetylated to cysteine by the cytosolic enzyme N-acylamino acid amidohydrolase (acylase I) (28) . It is possible that the amount or activity of acylase I is reduced in ESRD. Moreover, NAC uptake by red blood cells is mediated via the anion exchange protein, AE1 (29) , and levels of this protein are decreased in hemodialysis patients (30) . Therefore, it is also possible that cellular uptake of NAC is reduced, lowering the amount of intracellular NAC available for acylase I metabolism. Given the contribution of nonrenal clearance to the total clearance of NAC, our results clearly show that further study is warranted to elucidate the effect of ESRD on NAC nonrenal clearance pathways.
Plasma concentrations of HCY, but no other PD parameters, were significantly decreased after 14 days of oral NAC administration in control subjects and at both doses of NAC in hemodialysis patients (Table 3 ). Significant reductions in HCY plasma concentrations after oral (31-33) and intravenous (11, 15, 34) reductions in HCY concentrations after intermittent, intravenous infusion of high-dose NAC during hemodialysis (11, 15) . However, earlier findings suggest that this approach has shortlived effects, with HCY concentrations returning to baseline values within 24 hours (34) . As depicted in Figure 2A , treatment with multiple-dose sustained-release oral NAC resulted in persistently lower steady-state HCY concentrations compared with baseline values that fluctuated relatively little over a dosing interval. Sustained effects on HCY or other surrogates of oxidative stress may be an important consideration in choosing the ideal NAC formulation for use as chronic antioxidant therapy.
There are limitations to this study. Diet and intake of B- Table 3 . vitamins were not controlled. Therefore, it is possible that variable B-vitamin status between subjects may have impacted the HCY lowering effect of NAC (14) . Although the 8-hour duration of the PK study on day 15 was substantially shorter than the estimated NAC half-life in ESRD subjects, logistical issues relating to patients' three times weekly hemodialysis schedules and transportation necessitated limiting the study to an interdialytic 8-hour time period. Nevertheless, the significantly elevated NAC plasma concentrations and corresponding AUCs in ESRD versus control subjects provide further evidence that the half-life is much longer in ESRD patients and leads to accumulation after multiple dosing. It is also possible that ESRD alters the dissolution, release properties or absorption of NAC, but it is unlikely that this accounts for the reduced NAC clearance and accumulation observed in ESRD patients. Lastly, administration of oral NAC for the relatively short duration of 14 days may have been insufficient for detecting changes in some of the PD parameters measured in this study. This is supported by recent work in which 16 weeks of vitamin E administration were required to achieve a maximal reduction in the oxidant stress marker F 2 -isoprostanes (35) . In summary, we present the first PK and PD study of NAC after multiple-dose oral administration to patients with ESRD and demonstrate significant dose-related differences in AUC and C max in subjects receiving 600 mg versus 1200 mg. Additionally, significant PK differences were found between ESRD patients and healthy subjects. A 90% reduction in the clearance of oral NAC was observed, which led to a marked increase in systemic exposure. NAC administration resulted in a significant reduction in total HCY plasma concentrations in healthy control and ESRD subjects, but had no effect on several other oxidative stress markers. These findings indicate reduced clearance of oral NAC in ESRD patients and suggest that it may have a limited role in the treatment of oxidative stress related illness.
